I. INTRODUCTION
Experimental work on the transport properties of carbon nanotubes (CNT) relies on the ability to fabricate electrodes contacting them. The major progress in the field has been largely attributed to the success in obtaining highly transparent contacts, with a small contact resistance compared to the quantum of resistance (h/e 2 = 13 k ). 1 The opposite case, a tunneling contact of low transparency has been given little systematic attention. Tunneling contacts, however, are useful for investigating the density of states via transport measurements and in various device applications.
In many earlier works the high measured resistance was attributed to unintentional tunneling contacts between a metal electrode and the CNT, the "bad" contact being due to poor wetting of the CNT by the metal. 2 In semiconducting single walled nanotubes (SWNT) a Schottky barrier is believed to be formed between the tube and the metal electrode that acts as a tunneling barrier, 3 but to date very few attempts have been made to construct tunneling contacts to CNTs, with thin insulating barriers. A measurement with a Scanning Tunneling Microscope (STM) is of course a measurement of tunneling conduction over a vacuum barrier, and besides the imaging of the nanotube wall, the band structure of SWNTs has been explored with this technique. 4 The STM, however, is a very special set-up, and in two or more terminal devices precisely and reproducibly engineered tunneling contacts have to our knowledge not been achieved.
The standard tunneling device, a M1/I /M2 junction, consists of two metal thin films, M1 and M2, which are separated by a thin insulating layer (I ) at most a couple of nanometers thick, as is schematically shown in Fig. 1(a) . Experimental realization of a comparable scheme in which the other metal is replaced by a CNT is more cumbersome to achieve. Usually, the fabrication procedures for working tunnel junctions rely on deposition steps of the different thin films that are made in a high vacuum environment, uninterrupted by exposure to atmospheric conditions. On the other hand, the deposition process of CNTs is at some point incompatible with high vacuum environments.
There is also the question of how the geometry of a tunneling contact to the rounded shape of the CNT is arranged. To deposit by conventional methods a smooth and nanometerthin insulating barrier layer all around a section of the nanotube is certainly difficult. One possibility is growth by atomic layer deposition. 5 A different but very simple approach is pictured in Fig. 1(b) . A CNT is placed on top of a non-noble metal M covered by its native oxide (M OX ), which will act as the insulating layer I . Then the tunneling contact is along the line where the CNT touches the M/M OX surface.
We followed the idea of Fig. 1 (b) by fabricating and measuring in this work such M/M OX /CNT junctions. The CNTs were multiwalled nanotubes not expected to have semiconducting gaps. The CNT was contacted from the other end with a Palladium (Pd) electrode, which is known to form good, low resistive, contacts to CNTs. 2 For additional insight, we also made M/M OX /Pd, that is, the M1/I /M2-type of junctions of Fig. 1(a) . As we will show, the M/M OX /CNT tunneling configuration allows for an easy exposure of the CNT, including the junction area, to different gaseous atmospheres, which in the case of oxygen proves to have a strong effect on the current-voltage (IV) characteristics (current I not to be confused with the same abbreviation for an insulator layer). Moreover, with the aim of understanding the role of the work function (W ) variations on the conductance of tunneling contacts to CNTs, we performed with the Kelvin probe force microscope (KPFM) measurements 36 in different gaseous environments. The KPFM measures the difference between the local W of the sample and the W of the conductive tip of the KPFM. Prior to our work, the KPFM was successfully used to study charge-transfer processes at the Au-CNT junctions. Finally, we have also fabricated and measured CNT field effect transistors (CNT-FET) of a type that contain the different junctions mentioned previously.
II. EXPERIMENTAL
The metals M used in this work were non-noble ones and are therefore covered by a native oxide that forms immediately upon exposure to air after metallization. The metals that we have used are listed in Table I below, along with the energy gaps (E g ) of their (presumed) native oxides.
Two types of structure were fabricated, M/M OX /Pd and M/M OX /CNT junctions, both with the different metals listed in Table I . In both cases the fabrication begins with deposition of the metal (M) lines, 10-nm thick and 1-μm wide, by standard e-beam lithography on a piece of Si/SiO 2 wafer. This M-electrode is then covered by its native oxide, M OX . For the M/M OX /Pd structures, the Pd electrodes (30-nm-thick) were deposited via alignment to partially overlap the M lines in a second e-beam lithographic step. For the M/M OX /CNT junctions, multiwalled CNTs 7 were dispersed by spin coating from dichloroethane solution on the M structures. Such cases where one part of the CNT was on top of the M line and the other outside it were searched with AFM and selected for further processing, in which one or two 30-nm-thick Pd electrodes were fabricated with a second step of electron beam lithography on the "free" end of the CNT. AFM images of M/M OX /Pd and M/M OX /CNT junctions are shown Fig. 2(a) . The measurements of the IV characteristics of the junctions were performed in air at ambient pressure, in vacuum, and in pure O 2 , N 2 , H 2 , and CO.
KPFM measurements were carried out at room temperature by a Dimension 3100 Scanning Probe Microscope (SPM) (Bruker) equipped with a NanoScope 3D controller and operated in the "lift mode" using PPP-EFM probes from Nanosensors. In the lift mode measurements are taken in two passes across each scan line. In the first pass, topographical data is taken in normal tapping mode. Then the tip is raised to the lift scan height (typically 20-100 nm), and a second scan is performed while maintaining a constant separation between the tip and local surface topography. The local work function distribution based on the Kelvin probe method 36 during the second pass is recorded. In the Kelvin probe method the electrostatic tip-sample interaction, which stems from a difference in work function between tip and sample, is minimized by balancing voltage applied to the tip. In these measurements, all electrodes of the junction were connected to the ground. KPFM measurements were also performed to measure the potential distribution when an external voltage was applied across the junction. The SPM was enclosed in a glove box to control the gas environment: dry air (humidity < 10%) or nitrogen gas atmosphere.
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III. RESULTS
A. M/M OX /Pd junctions
The M/M OX /Pd junctions were made with different areas within the range 0.1-35 μm 2 . Of the several junctions that we fabricated a small minority exhibited Ohmic behavior, with a small resistance, and with very modest temperature dependence. We discarded these samples as cases with pinholes between the M and the Pd. In M/M OX /Pd junctions with aluminum as the metal M we did not observe any current at moderate voltages. Only at voltages above ∼2 V did breakthrough events occur, whereby the current suddenly jumped by orders of magnitude and apparently irreversible damage to the oxide layer occurred as the junctions became electrically conducting. When the metal electrode was made from Ti or Nb, the circuit was regularly conducting at moderate bias levels, and the IV curves were reversible. In the following we will consider exclusively Ti and Nb junctions.
Figure 3(a) shows room temperature IV curves for Ti/Ti OX /Pd junctions of different sizes (areas) and one Nb/Nb OX /Pd junction. Though there are not many cases to judge from, the latter seem to be more resistive (lower current per junction area). The IV curves are strongly nonlinear and also quite asymmetric. For the Ti/Ti OX /Pd samples we found that if we normalize the current with the junction area then the current density is still larger in larger area junctions. This has the natural explanation in that the oxides are not truly uniform but have randomly dispersed thinner sections through which much larger tunneling currents flow than elsewhere. In larger junctions these strong connections are then encountered more likely. The Nb junctions show no consistent behavior in this respect, but we had fewer samples of them. The nonuniformity of practical M/I /M junctions has been discussed in Ref. 9 .
The temperature dependence for a Ti/Ti OX /Pd junction is shown in Fig. 3(b) . In all samples the dependence was monotonic with increasing resistance with decreasing temperature. For the zero-bias resistance the temperature dependence is very strong. The IV curves of the M/M OX /Pd junctions are almost independent of the gas environment. 
B. M/M OX /CNT junctions: Transport measurements
The measurement circuit for M/M OX /CNT junctions is shown in Fig. 2(a) . Considering the circuit, we have the following resistances to consider as parts of the overall measured resistance: the Pd and M electrodes, the Pd/CNT contact, the CNT, and the M/M OX /CNT junction. The three first ones fall within the range of 0.1-100 k (on CNT contact resistances, Refs. 2 and 17-19; on multiwalled CNT intrinsic resistivity, Refs. 19 and 20-23) . Since the measured zero bias resistances vary in the range from M :s to G :s, we can conclude that the other resistances are negligible compared to the fourth and last one, and therefore the resistance of the circuit is essentially that of the M/M OX /CNT junction. As is shown in Fig. 1(d) , we have in some of the samples added an extra electrode to measure the resistance of the CNTs with two Pd electrodes, where we find an ohmically behaving resistance of a few tens of k :s.
In Fig. 4 the IV characteristics of a Ti/Ti OX /CNT junction in (a) vacuum and (b) in air at ambient pressure (b) are shown. Examining first the IV curve in vacuum, we find it to be repeatable but also observe a significant hysteretic behavior; at positive voltages the return current is higher, while at negative voltages it is lower. The hysteresis was similar in all samples. The IV curves are asymmetrical; the minimum conductance, though unmeasurable due to the high resistance, is clearly on the positive side. Among the ∼20 M/M OX /CNT junctions that we fabricated (M = Ti, Nb), we did not encounter a single case of a short cut between the CNT and the metal electrode, as we did among the M/M OX /Pd junctions. While the M/M OX /Pd junctions were much more conductive and nonhysteretic, in M/M OX /CNT junctions a higher voltage is needed for an observable current. The magnitudes of the applied voltages are also of significance. Consider the positive side of the IV curve, which reaches up to 2 V. The electric field strength is then of the order of 10 7 V/cm, which certainly approaches the breakdown strength of the oxide. Air causes a large increase of the gap in the IV curve when compared to that of vacuum. The gap widens to the negative side of the IV curve and barely at all on the positive side. Now the asymmetry has changed polarity; the minimum conductance is on the negative side. This shift is due to the oxygen, since the shift is the same with pure O 2 , while pure N 2 , H 2 , and CO have no effect on the IV curve compared to that in a vacuum environment. The effect is reversible, repeated cycling between a vacuum and oxygen atmosphere do not change the behavior, with the exception that rapid changes may produce different outcomes. On the other hand the Ti/Ti OX /Pd junctions are, according to our measurements, almost independent of the gas environment, as was previously mentioned.
Nb/Nb OX /CNT junctions were also measured, with one representative example shown in Fig. 5 . The same behavior can be seen as in the previous Ti-based system: The IV curve in vacuum is slightly asymmetrical with higher currents on the negative side. The effect of air is to significantly widen the gap to the negative side of the voltage scale. The size of the gap in oxygen in particular varies, but both in vacuum and in oxygen it is larger than in Ti/Ti OX /CNT junctions.
The temperature dependence of Ti/Ti OX /CNT devices is demonstrated in Fig. 6 , in vacuum and in 0.7 atm pressure of O 2 , for the negative side of the IV curves, where the effect of oxygen is much stronger. The difference between the two cases is striking: in vacuum, the currents consistently decrease upon decreasing temperature; while in oxygen, the currents at first strongly increase with decreasing temperature, down to a temperature of 130 K, and then begin to decrease as the sample cools further. Unfortunately, we do not have data of the temperature dependence in vacuum and oxygen performed on the same CNT device, but the trend is nevertheless well established from multiple measurements on several devices. As Fig. 6(b) shows, the behavior is fully reversible upon warming from cryogenic temperatures up to room temperature.
C. M/M OX /CNT junctions: Kelvin probe microscopy measurements
We have performed KPFM measurements on Nb/Nb OX /CNT devices, which are presented next. AFM topography images of the device are shown in Fig. 7(a) and (e). The Nb/Nb OX electrode (1-μm wide) is shown on the top-left corner of the image Fig. 7 (e) and more closely in Fig. 7(a) . The CNT is contacted from the other end with two Pd electrodes, which are displayed in the middle part/lower right of image Fig. 7(e) .
The KPFM images of the device, taken at different conditions, are shown in Fig. 7 (b) and (c) and Fig. 7 (f) and (g). The KPFM image presented in Fig. 7(b) is acquired in a dry air atmosphere at zero voltage applied between the electrodes, whereas the image in Fig. 7(c) is acquired in a nitrogen atmosphere. These images map the work function distribution in the vicinity of the Nb/Nb OX /CNT junction. To verify whether the environment modifies the difference of W between the metal contact and the CNT, we compare in Fig. 7(d) the local KPFM potential profiles across the CNT obtained in dry air and in a nitrogen gas atmosphere. The measured drop of potential between the CNT and the Nb electrode is ≈80 mV in a dry air atmosphere while it is almost twice less in a nitrogen atmosphere.
The KPFM images shown in Fig. 7 (f) and (g) map the potential distribution in the CNT device in the current carrying state in a nitrogen gas atmosphere with applied voltage Vds = − 1 V and after reducing Vds to zero, respectively. The difference of potentials between the Nb and Pd electrodes at Vds = − 1 V is clearly visible in Fig. 7(f) . The CNT is almost equipotential with the Pd electrodes, whereas the voltage drops on the Nb/Nb OX /CNT junction confirm that practically all the resistance of the device is concentrated on the junction. The KPFM image presented in Fig. 7(g ) is acquired at Vds = 0. The difference of potentials between Nb and Pd electrodes is ≈0.4/V. On the other hand, the potential map of the device [ Fig. 7(g) ] reveals a considerable depression of the potential U j ∼ 0.7 V nearby the Nb/Nb OX /CNT junction. Such a depression can be considered as a "memory effect" because it is not observable without any preliminary applied voltage to the electrodes.
IV. DISCUSSION
The junctions investigated in this work are of type M1/I /M2 (electrodes of different material), which means that the observed asymmetry in the voltage-dependent conductance is expected. Such a (biased) junction is shown in the scheme of Fig. 2(b) , where a metal oxide (M OX ) acts as the insulator I . The work functions W M1 and W M2 , of M1 and M2, respectively, and the energy gap E g of M OX are indicated. The picture refers to the situation before alignment of the Fermi levels upon contact. The resulting energy level diagram, after equalization of Fermi levels, is shown in Fig. 2(c) . The different barrier heights, ϕ M1 and ϕ M2 , on the two sides of the oxide thus result in a trapezoidal, and asymmetric, energy barrier. If χ is the electron affinity of the barrier M OX , then a simple expression for the barrier height ϕ on one side of the junction would be
That M/M OX /Pd and M/M OX /CNT junctions are asymmetrical junctions then follows from the differing energy barriers on the different sides of the insulator. The asymmetric IV characteristics follow from the asymmetry in the energy diagram, as, for example, has been discussed in the classical paper by Brinkman et al. 25 Generally, however, ϕ in a M1/I /M2 junction is not necessarily determined in such a straightforward way solely by the work functions and the energy gap. 8, 12 Neglecting the asymmetry in barrier shape, the simplest expression for direct tunneling in a M/I /M junction gives the tunneling current as exponentially dependent on both thickness (d) and height of the energy barrier:
where κ = √ (2mφ)/h. Expression (2) is temperature independent, which is a characteristic of true direct tunneling conduction. In a more refined model a small temperaturedependent factor comes from the temperature dependence of the Fermi distribution. 11 We do not have definite data on the thickness of our native oxides, but considering the values of E g for the native oxides of these metals, listed in Table I , and assuming that the oxide thicknesses are the same, we could conclude that the higher energy barrier in Al/Al OX /Pd junctions is the likely cause for the difference in behavior, with respect to the Ti-and Nb-based junctions. Also, the higher conductance of Ti/Ti OX /Pd junctions compared to the Nb/Nb OX /Pd junctions corresponds to the lower value of the E g of TiO 2 with respect to that of Nb 2 O 5 . However, since the dependence on oxide thickness is very strong as well, we can not make definite conclusions on this issue.
The zero-bias resistances of the M/M OX /CNT junctions were beyond the measurement range, while those of the M/M OX /Pd junctions are strongly temperature dependent, as was shown in Fig. 3(b) . Though we have not measured accurately the temperature dependence, we can observe that it is exponentially strong, leading to a vanishing zero-bias conductance. We may conclude that the conduction is not pure direct tunneling but due to thermally assisted tunneling processes within the oxide or at the interfaces. M/I /M-type of junctions where the insulator is a native oxide and can be demonstrated to work on direct tunneling, are made via carefully controlled oxidation inside vacuum evaporation equipment. 12 These junctions have an oxide thickness <2 nm, while our systems, where the oxidation is via exposure to ambient atmosphere, will be thicker than this. The actual conduction mechanism then is very difficult to pinpoint precisely. One possibility is thermionic emission of charge carriers over the barrier. 13, 14 Another is sequential hopping through localized states through defect sites within the oxide. This is particularly plausible considering that our native oxide is certainly defective. In the latter case, if the average hopping distance were much less than the oxide thickness, we would obtain the well known Variable Range Hopping (VRH) model. 15 However, we consider it unlikely with only a native oxide thickness of a couple of nanometers. The intermediate case, with the barrier thickness too large for direct tunneling but smaller than the VRH hopping distance, was examined thoroughly in the work by Xu et al. 16 Our system is likely to be of this type; the dominating current stems from charge carriers undergoing a very few thermally assisted tunneling steps. A complete theoretical description would need to take into account the temperature dependence of the conduction and also the asymmetry of the junction IV characteristics, which is usually described in connection with direct tunneling conduction. We are not aware of such work.
We will now concentrate on the main topic of this work, the M/M OX /CNT junctions. A detailed, quantitative modeling of the IV characteristics is difficult even for pure direct tunneling junctions and perhaps counterproductive in this case when the precise mechanism can not be pinpointed, and because we are approaching breakdown levels at the highest applied voltages, as was noted previously. We may, however, qualitatively describe the asymmetry in the data on M/M OX /CNT junctions. Reference 25 gives an expression for the voltage V min at which the conductance minimum occurs. Applied to the circuit 045405-5 configuration in Fig. 2(b) , this expression would be
whereφ is the average barrier height. Upon inspection of Fig. 4(a) , we can note that the conduction minimum, though not accurately measurable due to the high resistance, would be at a positive voltage. Equation (3) would then yield the relation ϕ M > ϕ CNT and the corresponding energy scheme, as depicted in Fig. 4(c) . Although, as was stated previously, values for work functions (W ), do not translate straightforwardly into barrier values (ϕ), we may attempt to equate the expression ϕ M -ϕ CNT in Eq. (3) with the corresponding differences in W and so obtain some estimates for the asymmetry of the IV characteristics in terms of the sign of V min . Work function values are available for the different metals 26 and some rather recent measurements for CNTs. 27 These are for Pd: 5.22-5.6 eV; Ti: 4.33 eV; Nb: 3.95-4.87 eV; and for a multiwalled CNT: 4.95 eV. The measured potential difference in the KPFM measurements is in a reasonable agreement with the W values for Nb and Pd, while for the transport measurements, V min ∼ ϕ M − ϕ Pd ∼ W M − W Pd , which is negative for both Ti and Nb. As we can see from Fig. 3 , the M/M OX /Pd junctions indeed have the conductance minimum on the negative side of the IV curve. For the M/M OX /CNT junctions, on the other hand, V min in vacuum is clearly negative, while the previous formula would predict a slightly negative value still. This would then indicate that the barrier height at the interface between the CNT and the M OX is affected also by other factors besides the work function.
Upon exposure to air the IV curves change quite drastically; the asymmetry switches polarity as the gap region of the IV curve now extends much further on the negative side [ Fig. 4(b) ]. On the positive side there is only a barely discernible extension of the gap. The voltages on the negative side are now even larger, especially for Nb, and, indeed, the IV characteristics on the negative side resemble even more now a breakdown current, being still reproducible, however. The suggested energy scheme in this new situation is depicted in Fig. 4(d) , in which now ϕ M < ϕ CNT . These results are in agreement with the results of the KPFM measurements of the W distribution in the vicinity of the Nb/Nb OX /CNT junction. Indeed, the measured W difference between the CNT and the Nb electrode in a dry air atmosphere is almost twice larger than in a nitrogen atmosphere [ Fig. 7(d) ]. Although W does not translate straightforwardly into ϕ, reduction of W in a nitrogen gas atmosphere clearly correlates with the correspondent decrease of the barrier heights difference ϕ CNT − ϕ M , [Fig. 4(c), (d) ].
It should be noted that the KPFM measurements also shed light on the hysteretic behavior, which was observed in the IV curves (Figs. 4 and 5) . The KPFM measurements performed at different voltages applied across the junction and presented in Fig. 7 (f) and (g) revealed a "memory effect," which can be attributed to the charge injection from the CNT to the oxide layer. The charged Nb OX region nearby the junction serves as a "gate" which modifies the return current in the IV characteristics of the M/M OX /CNT junctions and thereby causes the hysteresis. The charge injection was observed as the decay of U j with a time constant of ∼40 min. The "memory effect" is also observed at positive values of V DS but is much smaller.
The temperature dependence of the conduction in M/M OX /CNT junctions was shown in Fig. 6 . To recapitulate, the currents were monotonously decreasing in vacuum while in oxygen they at first increased and then, around T = 100 K, began to decrease again. This development is roughly coincidental with the decrease of oxygen pressure upon cooling. Oxygen has a boiling point of 90 K. At 100 K we have recorded a zero pressure, meaning that the sample effectively is in vacuum. Thus we apparently observe the vanishing of the doping effect of the oxygen, due to its liquefaction, and the IV characteristics of the device become similar to that in vacuum. We can thus conclude that the interaction of oxygen with the CNT at lower temperatures is a fully reversible gas phase reaction.
As we mentioned previously, our experiment indicates that the shift in the IV characteristics by air exposure is caused by oxygen, with other gases such as N 2 , CO, and H 2 having no effect compared to the vacuum condition. Oxygen doping of CNTs have been observed to significantly affect the thermopower of CNT films. 28 In photoluminescence the effect of oxygen absorption was seen, but the precise origin is unclear. 29 For individual SWNTs, the effect of oxygen effects have been studied in CNT-FETs. 38 Oxygen is an electron acceptor. The interaction between CNT and O 2 has been theoretically considered. 30 An electron transfer from the CNT to O 2 results in hole doping of the CNT and a lowering of the Fermi level. Thus the work function of the CNT (ϕ CNT ) also increases, and if the increase is large enough we may have for the M/M OX /CNT junction the situation depicted in Fig. 4(d) , where the asymmetry of the junction has changed polarity. Therefore we could understand the change in the IV curves upon exposure to oxygen gas as caused by hole doping of the CNT, which reverses the relative size of the tunneling barriers in the M/M OX /CNT junction as ϕ CNT becomes larger than ϕ M . While some studies do not support a simple picture of oxygen gas doping of CNTs, 39 it is unambigously known that defective sites in CNTs absorb more readily and react more in the way of chemisorption than physisorption, the former involving more readily charge transfer than the latter. The contact region between the CNT and the M OX surface could conceivably be more prone to absorption of oxygen than the unperturbed parts of the CNT and thus dominate the response of the device to changes in the gaseous environment.
In the case of CNT-FETs with individual SWNTs, the interpretation of the available experimental data may be more complicated. 3, 31 It is argued that the oxygen affects the metal work function at the interface between the metal electrode and the CNT rather than via doping of the CNT. However, since in our case the M/M OX /Pd junctions showed no or very little effect, we prefer the view of doping via the CNT, although we can not at this stage rule out alternative scenarios.
A. CNT-based FETs
Finally, we will apply the information obtained topic of highly proximate backgates in CNT-FETs. Such are desired, which would have a high capacitive connection to the CNT and therefore be an efficient gate. One frequently used method is to deposit the CNT on a wide metal gate electrode, where the two are separated from each other with a thin insulator, which can be the native oxide 23, [32] [33] [34] or a separately deposited insulating molecular layer. 31, 35 In both cases one crucial question is, just as in modern silicon FET design, whether the insulating layer is able to prevent tunneling or breakdown current to the CNT as the gate voltage is applied. The aim is then, in a way, exactly opposite to the work described previously.
We have tested CNT-FETs with CNTs placed completely on wide Al and Ti electrodes, which act as gate electrodes with the native oxide as the gate insulator, as is shown in Fig. 8(a) . The ∼200-nm-wide Pd drain and source electrodes extended over the gate electrodes to the CNTs. For the CNT-FET to work properly, both the CNT and the Pd electrode must not leak through the gate insulator as gate or drain-source voltages are applied. In other words, we may take advantage of the knowledge in the previous experiments on M/M OX /Pd and M/M OX /CNT junctions to construct a working CNT-FET based on metal electrode insulated by its own native oxide.
The results are shown in Figs. 8(b) and 7(c) for CNT-FETs with Al and Ti gate electrodes, respectively. As is expected from the previous results, the CNT-FET with an Al gate worked well at all temperatures and did not leak to the gate up to 1-2 V of applied gate voltage. The CNT-FET with an Ti gate then could not be properly operated at room temperature, but at 4.2 K clear gate modulation could be observed at modest gate voltages. In right side of Fig. 8(c) , an arrow points to the positive gate voltage where the TiO 2 insulator begins to leak. On the other hand, at negative voltages of the same magnitude there are still no major signs of leak currents. We can thus conclude that the separately measured data from the M/M OX /Pd and M/M OX /CNT junctions are consistent with the CNT-FET data.
V. SUMMARY
We have measured the conductance of tunneling contacts to CNT, where the tunneling barrier is the native oxide of the metal electrode. The quality of these oxides is far from ideal as the tunneling conduction mechanism is somewhere between direct tunneling and hopping conduction. However, the intrinsic properties, presumably the work function, of the metal and the CNT are responsible for the asymmetry of the IV curve. This asymmetry switches polarity as oxygen gas is introduced to the junction. Our preferred conclusion is that the oxygen hole dopes the CNT and thus changes its work function, but we can not at this point rule out alternative scenarios such as changes via the metal work function. Our conclusion is in agreement with the results of the Kelvin probe microscopy measurements of the work function distribution in the vicinity of the junctions in a dry air and in a nitrogen gas atmosphere. This kind of junction seems promising as a way to probe the oxygen-doping process of CNTs in more detail or of some other dopant species than has been done to date. Future work, however, should find a fabrication method that produces junctions where the conduction is dominated by direct tunneling. Very recently, in connection with the rapid progress in graphene research, single atom thick layers of insulating 2D layered materials such as BN have been produced. 40 These have been applied as tunneling barriers and may also be used for the purpose in this article.
